The origin and modes of transmission of introns remain matters of much debate. Previous studies of the group I intron in the angiosperm cox1 gene inferred frequent angiosperm-to-angiosperm horizontal transmission of the intron from apparent incongruence between intron phylogenies and angiosperm phylogenies, patchy distribution of the intron among angiosperms, and differences between cox1 exonic coconversion tracts (the first 22 nt downstream of where the intron inserted). We analyzed the cox1 gene in 179 angiosperms, 110 of them containing the intron (intron þ ) and 69 lacking it (intron À ). Our taxon sampling in Araceae is especially dense to test hypotheses about vertical and horizontal intron transmission put forward by Cho and Palmer (1999. Multiple acquisitions via horizontal transfer of a group I intron in the mitochondrial coxl gene during evolution of the Araceae family. Mol Biol Evol. 16:1155-1165). Maximum likelihood trees of Araceae cox1 introns, and also of all angiosperm cox1 introns, are largely congruent with known phylogenetic relationships in these taxa. The exceptions can be explained by low signal in the intron and long-branch attraction among a few taxa with high mitochondrial substitution rates. Analysis of the 179 coconversion tracts reveals 20 types of tracts (11 of them only found in single species, all involving silent substitutions). The distribution of these tracts on the angiosperm phylogeny shows a common ancestral type, characterizing most intron þ and some intron À angiosperms, and several derivative tract types arising from gradual back mutation of the coconverted nucleotides. Molecular clock dating of small intron þ and intron À sister clades suggests that coconversion tracts have persisted for 70 Myr in Araceae, whose cox1 sequences evolve comparatively slowly. Sequence similarity among the 110 introns ranges from 91% to identical, whereas putative homologs from fungi are highly different, but sampling in fungi is still sparse. Together, these results suggest that the cox1 intron entered angiosperms once, has largely or entirely been transmitted vertically, and has been lost numerous times, with coconversion tract footprints providing unreliable signal of former intron presence.
Introduction
Most mitochondrial introns are self-splicing ribozymes that act as mobile genetic elements (Goddard and Burt 1999; Chevalier and Stoddard 2001; Haugen et al. 2005) , with their mobility depending on enzymes that the introns themselves encode. In group I introns, these enzymes belong to the LAGLI-DADG family and function as homing endonuclease, maturase, or both (Delahodde et al. 1989; Wenzlau et al. 1989; Belfort 2003) . Phylogenetic analyses suggest that group I introns in fungi, sponges, algae, and land plants have sometimes been transmitted horizontally (Lang 1984; Lambowitz 1989; Nishida and Sugiyama 1995; Vaughn et al. 1995; Adams et al. 1998; Cho, Adams, et al. 1998; Cho and Palmer 1999; Rot et al. 2006) . A group I intron in the cytochrome c oxidase subunit I (cox1) gene is thought to have been transmitted horizontally as many as a 1,000 times among the 13,500 genera and 300,000 species of extant angiosperms ). This extrapolation was based on a survey of the cox1 intron's distribution among 335 genera of land plants in which the authors inferred 32 separate cases of intron acquisition to account for the intron's presence in 48 of 281 species from 278 genera of flowering plants.
Horizontal transmission of introns has been inferred from 3 kinds of evidence . First, strong incongruence between an intron phylogeny and that of angiosperms suggests independent gains rather than vertical transmission. Second, patchy distribution of an intron on an angiosperm phylogeny and especially the nesting of intron-containing (intron þ ) species within large clades of intronless (intron À ) species point to horizontal acquisition. Third, coconversion tract analysis can provide information on whether a particular site gained or lost an intron (BellPedersen et al. 1989; Adams et al. 1998; Cho and Palmer 1999) . Coconversion tracts are short stretches of flanking exon sequence that are converted to the donor DNA sequence. This is because group I introns transfer by way of a recombination/repair process initiated by a staggered double-strand break catalyzed by the intron's homing endonuclease at a target site in the recipient (Szostak et al. 1983; Lambowitz and Belfort 1993; Belfort and Perlman 1995) . The cleaved DNA strands of the recipient DNA are partially degraded, creating a gap that is filled in using the donor DNA as the template. If the flanking exon stretches in the donor and recipient differ, then coconversion will create a ''footprint'' that can stay even after the intron itself is lost again (Cho and Palmer 1999) .
Much trust has been placed in coconversion tracts as historical evidence of intron presence. For example, an investigation of the evolutionary history of the cox1 intron in the Araceae (Cho and Palmer 1999 ) relied on the exonic coconversion tracts in the intron þ species, coupled with the absence of any deletion footprints in the intronÀ species, to infer 3-5 intron gains via horizontal transfers. Reliance on the coconversion tracts here overrode the implication of a parsimony reconstruction, which would have been consistent with a vertical transmission history in Araceae, with 1 gain, followed by 2 losses (Cho and Palmer 1999) . Cho and Palmer (1999) also noticed that Arisaema triphyllum and Pistia stratiotes had identical coconversion tracts and grouped together in the intron phylogeny, suggesting that these 2 introns might be vertically inherited.
To test the hypotheses of Cho and Palmer (1999) , namely that the cox1 intron has been transferred horizontally in much of the Araceae family, but vertically in the Arisaema/Pistia clade, we analyzed the cox1 gene in a dense sample of relevant Araceae, using available multigene phylogenetic frameworks (Renner and Zhang 2004; this study) . Surprisingly, with the larger taxon sample employed here, the distribution of the cox1 intron in Araceae is more parsimoniously explained by ancestral presence, followed by independent losses, than by horizontal gene transfers.
Araceae are an early branching lineage of flowering plants, and we therefore decided to investigate the distribution of the cox1 intron among early and more recent lineages of angiosperms based on all angiosperm cox1 sequences available in GenBank (plus new sequences generated in the course of this study). Comparison of the much larger intron phylogeny with the angiosperm phylogeny, the great sequence similarity among angiosperm cox1 introns, the clustered distribution of exonic coconversion tract types, and hierarchical patterns of decay in the coconversion tracts suggest ancestral presence of the cox1 intron, followed by numerous losses. This implies that the signal in coconversion tracts (the footprint) is less reliable than previously thought. To infer a temporal framework for cox1 intron turnover and the loss of coconversion tracts, we estimated maximal times over which the intron could have been gained or lost in Araceae, using angiosperm clade ages as a proxy for intron maximal ages. We also evaluate the hypothesis of Seif et al. (2005) that the cox1 intron in angiosperms originated in a fungus close to Rhizopus oryzae.
Materials and Methods

Taxon Sampling and Sequencing
Taxa selected for this study with their sources and herbarium vouchers (where applicable) are listed in supplementary table S1 (Supplementary Material online), which includes 179 angiosperms, 110 of them intron þ and 69 intron À . To deduce the evolutionary history of the cox1 intron in the Arisaema/Pistia clade, we relied on 2 chloroplast loci (the trnL intron and adjacent spacer before the trnF gene and the rpl20-5-rps12 intergenic spacer) and one mitochondrial locus (parts of exons b and c of nad1 and the complete intron between them). We included 30 species of Araceae, many available from Renner and Zhang (2004) . Newly generated sequences were produced with the same primers and polymerase chain reaction (PCR) conditions as used in that study. The cox1 exon and intron (where present) were sequenced for 36 Araceae, and in all, this study includes 56 newly generated sequences (36 cox1 genes and 20 of other loci).
Total DNAs of silica-dried material were extracted with the NucleoSpin plant kit according to the manufacturer's protocol (Macherey-Nagel, Düren, Germany), and the complete cox1 gene was directly amplified with the primer pair 82F (5#-GGAGTGATGGGCACAT GCT-TCT-3#) and cox11.6KR int (5#-AAGGCTGGAGGGC-TTTGT AC-3#). PCRs were performed with 10 mM primers in 25 ll reactions using BioTherm DNA polymerase (Genecraft, Lüdinghausen, Germany). The initial step of 5 min at 95°C was followed by 35 cycles of 95°C for 30 s for DNA denaturation, 60°C for 60 s for primer annealing, and 72°C for 2 min and 40 s for primer extension. PCR products were controlled by electrophoresis on an ethidiumbromide stained 1% agarose gel with a 1 Kb Plus DNA ladder (Invitrogen, Karlsruhe, Germany). The amplified fragment was approximately 2,340 nt long for intron þ and about 1,500 nt long for intron À taxa. Products were purified and quantified electrophoretically using Lambda DNA as standard. If multiple bands were detected, an additional electrophoresis was performed to excise and analyze them separately. Sequencing relied on Big Dye Terminator kits (Applied Biosystems, Warrington, UK) and the following primers (in different combinations depending on the length of the sequences obtained, varying from 400 to 1,000 nt): 42F (5#-GGATCTTCTCCA CTAACCACAAA-3#), 82F (see above), 657R (5#-GCG-
, and cox1.6KR (see above). The cycle sequencing products were cleaned by Sephadex G-50 Superfine gel filtration (Amersham, Uppsala, Sweden) on MultiScreen TM-HV membrane plates (Millipore, Bedford, MA) according to the manufacturers' protocols to remove unincorporated nucleotides. Fragments were separated on an ABI 3100 Avant capillary sequencer, assembled and edited using the software Sequencher (Gene Codes, Ann Arbor, MI), and Blast searched in GenBank.
Alignments and Phylogenetic Analyses
Alignments were generated manually in MacClade (Maddison WP and Maddison DR 2003) and adjusted by eye; all have been submitted to TreeBase. Amplification of the cox1 exon of Theriophonum dalzelii failed, and the missing sequence for this species was coded with question marks. We analyzed 4 data matrices. The first comprised the 4 chloroplast and mitochondrial loci sequenced for the Arisaema/Pistia clade. The second consisted of 149 angiosperm cox1 exon sequences including 11 newly sequenced Araceae species and 12 Araceae from . The third consisted of 106 angiosperm cox1 intron sequences of which 38 were Araceae. The fourth matrix comprised the coconversion tracts of 179 angiosperms, 110 of them intron þ and 69 intron À . To assess the phylogenetic signal in the cox1 gene and introns, we used the molecular phylogeny of angiosperms published by Qiu et al. (2005) , the angiosperm phylogenetics database of Stevens (2001) , and an unpublished phylogeny of Araceae provided by Mayo S (personal communication).
DNA indels or missing data in the cox1 intron and exon were excluded from phylogenetic analyses. Phylogenetic inference relied on maximum likelihood (ML) searches as implemented in RAxML-VI-HPC version 2.2.3 (Stamatakis 2006) . Bayesian analysis relied on MrBayes version 3.1.2 (Ronquist and Huelsenbeck 2003) . The best-fitting model for the combined chloroplast and mitochondrial data (4,682 characters, excluding the intron and 22-bp coconversion tract of the cox1 gene) identified by Modeltest version 3.7 (Posada and Crandall 1998) was the General-Time-Reversible Model (GTR) þ I þ C model whether by hierarchical likelihood ratio testing or the Akaike information criterion. We therefore used this model in Bayesian analyses, whereas ML analyses relied on the GTR þ C model, this being the only model implemented in RAxML. The best-fitting model for the cox1 intron matrix was the Transversion þ I þ C model (5 substitution types). As the number of substitution types in MrBayes can only be set to 1, 2, or 6, we used the GTR þ I þ C model. Bayesian runs were started from independent random starting trees and repeated at least twice. Markov chain Monte Carlo runs extended for 1 million generations, with trees sampled every 100 generations. We used a flat Dirichlet prior for the relative nucleotide frequencies and rate parameters, a discrete uniform prior for topologies, and an exponential distribution (mean 1.0) for the gamma shape parameter and all branch lengths. Convergence was assessed in several ways: by checking that final likelihoods and majority rule topologies in different runs were similar, that the standard deviations (SD) of split frequencies were ,0.01, that the log probabilities of the data given the parameter values fluctuated within narrow limits, that the convergence diagnostic (the potential scale reduction factor given by MrBayes) approached 1, and by examining the plot provided by MrBayes of the generation number versus the log probability of the data. Trees saved prior to convergence were discarded as burn-in (2,000-5,000 trees), and a consensus tree was constructed from the remaining trees.
Bootstrapping under ML used 1,000 replicates performed in RAxML, with the initial rearrangement settings and the number of categories tested following the manual.
Resulting bootstrap values as well as Bayesian posterior probabilities were plotted on the ML tree using the APE package (Paradis et al. 2004) 
The cox1 exon data were analyzed under parsimony in PAUP version 4.0b10 (Swofford 2002) . Searches were heuristic, using 100 random taxon addition replicates, treebisection-reconnection swapping, with the ''multiple trees'' and the ''steepest descent'' options in effect. Starting trees were obtained by stepwise addition; the trees in memory were limited to 100.
Coconversion Tract Analysis
Coconversion tracts, that is, the first 22 nt downstream of the intron insertion site, in 179 angiosperms were compared with the exonic tract of an intron À Araceae, namely Orontium aquaticum, following Cho and Palmer (1999) . For convenience, the O. aquaticum tract type is henceforth referred to as the unaltered, or 0, tract type, without this implying that it is an ancestral condition. The remaining tracts were categorized relative to the O. aquaticum type according to the number of alterations present in their 3rd to 18th position (whether 1, 2, 3, . . . 6 differences, all in the third position and all silent), presence or absence of a T in the 20th position (silent: C . U RNA editing), and presence or absence of an A in the 21st position (silent). A coconversion tract that comprises 6 nt differences compared with O. aquaticum, a T in position 20 and an A in position 21 is thus referred to as ''6 þ T þ A.'' Similarly, ''4 þ T'' refers to a coconversion tract with 4 substitutions and an T in position 20.
Divergence Time Estimation
For divergence time estimation, we relied on the combined chloroplast and mitochondrial data (4,682 nt for 30 taxa) and the Bayesian relaxed clock approach implemented in ''multidivtime'' (Thorne et al. 1998; Thorne and Kishino 2002) . After calculating substitution model parameters for the DNA data under the F84 þ C model (with 5 rate categories) on the ML topology obtained from the combined data, rooted on Xanthosoma sagittifolium and Caladium bicolor, we used Thorne's ''estbranches'' program to estimate branch lengths and their variance, given the specified evolutionary tree and model parameters. The a priori expected number of time units between the root and the tips was set to 0.9, with a SD of 0.5; the prior on the mean root rate was set to 0.0128, by dividing the median distance from the ingroup root to the tips by the time unit. Thorne's manual recommends that the prior for brown mean (and its SD) be set at values that, when multiplied by the approximate time from the root to the present, yield a value between 1 and 2, and we therefore set brown mean to 1.11. The Markov chain length was 1 million cycles, sampled every 100th cycle and with a burn-in of 100,000 cycles; analyses were repeated at least twice.
To obtain absolute times from genetic distances, we used the following constraints: (1) Peltandreae are first known from 60-Myr leaves from Europe, Kazakhstan, North Dakota, and Tennessee (Wilde et al. 2005 ). This provides a minimal age of 60 Myr for node 1 in figure 1A. (2) Protarum sechellarum is endemic to the Seychelles, and the age of this archipelago (Braithwaite 1984) thus provides a maximal age of 85 Myr for node 2. (3) Middle Eocene leaf impressions (Caladiosoma messelense; Wilde et al. 2005 ) that closely match modern Colocasieae provide a minimal age of 45 Myr for node 3 in figure 1A . (4) The oldest fossils of Araceae are 110-to 120-Myr old (Friis et al. 2004) , and therefore, 120 Myr was used as a maximal age for the root node. The earliest angiosperms fossils are 141-to 132-Myr old (Hughes 1994) .
Results
The cox1 Intron and Exonic Coconversion Tracts in the Arisaema/Pistia Clade The distribution of the cox1 intron in the Arisaema/ Pistia clade is shown in figure 1A (including the relevant outgroups). As predicted by the hypothesis of Cho and Palmer (1999) that the intron might be vertically inherited in this clade, most species are intron þ and have the same coconversion tract. This tract, namely the 6 þ T type, comprises 6 nt differences compared with intron À species and a T in position 20.
The cox1 Intron in the Flowering Plants 267 Thecox1intronislackinginTyphonodorumlindleyanum and Peltandra virginica, which form a clade, in P. sechellarum, and in the Vietnamese species Croat and Dzu 77954. For genera with more than one species, we checked at least one additional congeneric for the intron and the coconversion tract,and theyall showedthe samepattern (figs. 3 and 4). Ofthe intron À species, 3 have unaltered coconversion tracts, whereas Croat and Dzu 77954 has an A, instead of a C, at position 21 of types of which 11 are only found in single species. Figure  2A summarizes the tract types of the 110 intron þ and the 69 intron À cox1 sequences. Overall, 112 tracts are of the þT type (101 in intron þ cox1 genes and 11 in intron À genes) and 19 are of the þA type (17 intron þ and 2 intron À ). In 15, the A occurs together with the T, whereas in 4 cases, all in the Araceae, the A occurs without the T (one of them in an intron À species and 3 in intron þ species, see figs. 2A and 3). Depending on the intron À angiosperm used for comparison, the C . T transversion in position 20 will be counted as part of the coconversion tract or not. Thus, comparison with Zea mays results in an apparent coconversion tract with 6 differences ), whereas comparison with O. aquaticum suggests a coconversion tract with 7 differences (Cho and Palmer 1999; this study) .
Of the intron þ angiosperms, the majority (60%) has the 6 þ T tract type (34 of these are Araceae), whereas 9% (10 species) have the 6 þ T þ A tract type ( fig. 2B) . In other words, more than two-thirds of the intron þ angiosperms have changes in all 6 third positions available in the conconversion tract changed (compared with intron À species). Five species (Breynia nivosa, Hevea brasiliensis, Justicia americana, Pilea fontana, and Plantago coronopus) are of the x types, which appear to have undergone a back mutation in the middle of a 6 þ T coconversion tract ( fig. 2A ). Sixteen are of the 4 þ T type, 4 of the 3 þ T type, and the remaining ones belong to rare types, such as 1 þ A. Two of the 110 intron þ angiosperms (Coffea arabica and Rhamnus sp.) exhibit no differences in their coconversion tract.
Of the intron À angiosperms, 78% have unaltered tracts like O. aquaticum ( fig. 2 ), whereas 22% (15) show differences in their coconversion tract, that is, have a deletion footprint. Of the footprints, one is of the 6 þ T type, one of the 4 þ T type, 7 have only the T in tract position 20, and 4 have single substitutions in different positions. Two species (Canella winterana and Crossosoma bigelovii) have coconversion tracts that apparently underwent back mutations from 6 þ T and 6 þ T þ A type tracts, and 3 are of the X* types ( fig. 2A) , that is, have a G instead of an A or a T in tract position 6 and/or a C instead of a G or a T in tract position 12. So far, Plantago is the only genus with both intron À and intron þ species, and it also shows particularly variable coconversion tracts ( fig. 2A, 
Phylogenetic Analyses of Angiosperm cox1 Exon and Intron Sequences
The hypothesis that the cox1 intron in angiosperms was gained by multiple lateral transfers predicts incongruence between the angiosperm phylogeny and the intron phylogeny. By contrast, congruence among angiosperm and intron phylogenies points to vertical inheritance. We therefore performed phylogenetic analyses of cox1 exons and introns and compared them with angiosperm relationships inferred from larger data sets (Stevens 2001; Qiu et al. 2005) .
A phylogeny based on cox1 exon sequences (149 angiosperm species, 1,288 characters, excluding the 22 nt of the coconversion tract), rooted on Amborella, is shown in figure 3 . It recovers the monocots, core eudicos, and ordinal relationships in agreement with angiosperm phylogenies based on other data (Stevens 2001; Qiu et al. 2005) . Generic groupings within more densely sampled families such as Araceae (23 cox1 sequences) agree with relationships obtained in larger data sets. For example, Orontium places as the first diverging Araceae, followed by Anthurium and Zamioculcas. Dieffenbachia and Zantedeschia, as well as Spathiphyllum and Scindapus form sister pairs. The Arisaema/ Pistia clade and its relatives also group together. All this fits with a molecular phylogeny of Araceae (Mayo S, personal communication). The earliest diverging angiosperm lineages containing the cox1 intron are the Magnoliales (Asimina, Knema, and Myristica) and Piperales (Peperomia).
A phylogeny based on cox1 intron sequences (106 species, 967 characters, excluding 173 gapped positions) and rooted on Myristiaceae (Magnoliales) is shown in figure 4. Except for 10 species that form a basal grade (Erethia, Bursera, Lepionurus, Melia, Croton, Jasminum, Musella, and Musa), 4 large clades are apparent (labeled A-D in fig. 4 ): Clade A includes all Araceae plus the 2 Peperomia species (probably reflecting long-branch attraction). Within clade A, species with a 6 þ T coconversion tract cluster together. Clade B includes the remaining monocots as well as all eudicots. Clade C includes only species with a 4 þ T coconversion tract, except for Rhamnus (no substitution in its coconversion tract) and Barringtonia (coconversion tract with 1 substitution). The closest relatives of clade C (not statistically supported) also have 4 þ T tracts or 5 þ T þ A tracts. Clade D, finally, unites 22 species with mainly 6 þ T (one with 6 þ T þ A) coconversion tracts, again with 2 exceptions: Coffea (no substitution in its coconversion tract) and Saranthe (2 substitutions). Natural groups recovered within clade D are Lamiales (all Lamiaceae and Scrophulariaceae, among others), Gentianales, and Zingiberales. Members of 9 families form well-supported clades, namely Acanthaceae, Araceae, Gesneriaceae, Marantaceae, Musaceae, Piperaceae, Plantaginaceae, Rhamnaceae, and Scrophulariaceae.
Sequence similarity among the 110 cox1 introns of the angiosperms ranges from 91% to identical (GenBank maximal identities with Blast values of zero in each case), whereas the genetically closest nonangiosperm cox1 introns (all in fungi) differ greatly from each other and from angiosperms (supplementary fig. S2 [Supplementary Material online] and below, The Possible Origin of the Cox1 Intron from Fungi and Intron Functionality). Araceae appear to have especially low cox1 intron mutation rates, judging from mean branch lengths of 0.012 (±0.004) in clade A (excluding the fast mutating and phylogenetically misplaced Peperomia, above), compared with 0.038 (±0.013) in clade B (fig. 4 ).
Hierarchical Distribution of cox1 Exonic Coconversion Tracts and Time Frame of cox1 Intron Loss in the Araceae
When plotting Araceae exonic tract types on an Araceae phylogeny (Mayo S, personal communication) short tract types are found in derived positions, long tract types in basal positions. For example, Xanthosoma with a short coconversion tract of 1 þ A in both species sequenced is derived relative to Amorphophallus (6 þ T). Similarly, Philodendron hederaceum var. oxycardium, with a short coconversion tract (3 substitutions; fig. 2A ), is derived relative to Zamioculcas with 6 þ T.
A relaxed molecular clock applied to the 4,360-nt matrix of combined chloroplast and mitochondrial data (cox1 exon, trnL intron and spacer, rpl20-rps12 intergenic spacer, and nad1 b/c exon and intron) yielded an age of 111 (SD 91-131) Myr for the stem of the intron À T. lindleyanum/P. virginica clade and of 70 (SD 60-91) Myr for the divergence between these 2 species ( fig. 1B, nodes 1 and 2) . The divergence of the intron À Vietnamese species Croat and Dzu 77954 from Remusatia vivipara is estimated as having occurred 49 (SD 30-67) Myr ago ( fig. 1B, node  3) . The fourth intron À species, P. sechellarum, is not securely placed by our data ( fig. 1A ) but may have diverged from the remaining Arisaema/Pistia clade at about 73 (SD 60-82) Myr ago ( fig. 1B, node 4) .
The Possible Origin of the cox1 Intron from Fungi and Intron Functionality Vaughn et al. (1995) who first reported on the cox1 intron in angiosperms assumed that its endonuclease was functional because of the presence of 2 LAGLI-DADG motifs (Belfort and Perlman 1995) . Experimental confirmation of homing ability is still lacking. Blasting of the hypothetical protein from Arum concinnatum (306 residues) yielded a Blast value of 5 Â 10 À120 (71% identical and 83% positives) with open reading frame (ORF) 305 of the rice mold R. oryzae (a basal fungal lineage, formerly placed in Zycomycetes, family Mucoraceae), 3 Â 10 À103 (63% identical and 78% positives) with an ''unknown'' region (fide GenBank) in the Oyster mushroom Pleurotus ostreatus (Agaricomycetes and Basidiomycota), 8 Â 10 À75 (48% identical and 64% positives) with ORF 318 of Monoblepharella sp. (Chytridiomycota and Monoblepharidaceae), and of 3 Â 10 À67 (46% identical and 63% positives) with the cox1 aI4 intronic protein of Saccharomyces cerevisiae (Ascomycota and Saccharomycetaceae), which encodes site-specific DNA endonuclease and RNA maturase activities (Wenzlau et al. 1989 ). The putative cox1 intron endonucleases of angiosperms have sequence similarities of 98% (P. oxycardium) to 86% (Peperomia grisoargentea) with that of A. concinnatum, and the entire cox1 intron sequence of A. concinnatum has sequence similarities of 77% with Rhizopus, 71% with Pleurotus and Cryptococcus (both Basidiomycota), and 66% with Monoblepharella (supplementary fig. S2 , Supplementary Material online).
Discussion
The cox1 Intron in the Araceae-A Long History of Vertical Inheritance Considering first the distribution of the cox1 intron on a phylogeny of the Arisaema/Pistia clade, sampled for all its genera (Renner and Zhang 2004) , it is parsimoniously explained by vertical inheritance as suggested by Cho and Palmer (1999) . All intron þ species in this clade have the same 6 þ T coconversion tract type. An intron loss occurred in Croat and Dzu 77954, which is embedded among intron þ relatives and has a coconversion tract with a single substitution (an A in position 21). Two further losses apparently occurred in Protarum seychellarum and in the common ancestor of the outgroup species Typhonodorum and Peltandra ( fig. 1A) . Judging from the fossil-constrained relaxed molecular clock, the cox1 intron has persisted in the genomes of the Arisaema/Pistia clade for at least 80 Myr (fig. 1B, node 5) . If it is ancestral in the Araceae, not just the Arisaema/Pistia clade, as suggested by the intron's phylogenetic signal, which matches the Araceae family tree (Results), it may have persisted for 110 Myr (oldest Araceae fossils, 110-120 Myr; Friis et al. 2004 ). The timing of at least one intron loss can also be inferred. The stem lineage of the intron À Typhonodorum/Peltandra clade, which comprises just 3 species, is between 110-and 70-Myr old (Results). Its sister clade consists of a similarly species-poor group (Ambrosina with 1 species, Arophyton with 3 species, and Arisarum also with 3 species) that appears to have the intron (Natalie Cusimano, unpublished data for Arisarum vulgare). Intron loss in the Typhonodorum/Peltandra clade could have occurred some 70 Myr ago, with the coconversion tracts found in Typhonodorum and Peltandra persisting since then.
The Araceae have 4 exonic coconversion tract types, 6 þ T, 3 þ A, 3, or 1 þ A ( fig. 2A ). Based on a small taxon sample, a tract with 7 substitutions (6 þ T) appeared synapomorphic for the Arisaema/Pistia clade (Cho and Palmer 1999) , but when all angiosperm coconversion tracts are compared with the same reference Araceae, O. aquaticum, as used in Cho and Palmer (1999) , it is clear that the 6 þ T type is the predominant cox1 exonic coconversion tract of intron þ angiosperms (figs. 2-4). It also appears that the cox1 exonic coconversion tracts in Araceae may be hierarchically nested, with species having 3 or 1 differences in their tracts phylogenetically more derived than species with 6 differences. Such a pattern might be expected if the 6 þ T type coconversion tract arose when the cox1 intron first inserted itself into some ancestral Araceae (or angiosperm; see below) and was then passed on vertically, occasionally undergoing back mutation (which would lead to ''shorter'' coconversion tracts, namely 6 þ T . fig. 2A ).
Based on the data available now, Araceae exonic coconversion tracts are less static than thought previously Cho and Palmer 1999; Palmer et al. 2000) , when it was argued that, ''Regardless of how closely related they are, any 2 taxa whose coconversion tracts differ probably acquired their introns separately. For example, Amorphophallus and Xanthosoma are sister taxa with 85% bootstrap support and thus are inferred to have received their introns by vertical transmission according to all parsimony models of intron distribution ( fig. 2B-E) . However, because their coconversion tracts differ, and substantially so ( fig. 5 [compare our figs. 2A and 4]), we conclude that they most likely acquired their introns by 2 separate, and recent, horizontal transfers. By the same logic, we conclude that Philodendron and Zamioculcas, which cluster weakly in the shortest angiosperm tree The cox1 Intron in the Flowering Plants 273 ( fig. 2A), also acquired their introns separately (fig. 6 ).'' Palmer 1999: 1161) .
The cox1 Intron in the Angiosperms-Predominant Loss, Not Horizontal Transfer
The hypothesis of multiple gains of the angiosperm cox1 intron via horizontal gene transfer Cho and Palmer 1999; Palmer et al. 2000; Richardson and Palmer 2007) was based on relatively small taxon samples, making it appear that, ''Given that we have still sampled only a tiny fraction of the .300,000 species of angiosperms, we are confident that the intron has been horizontally acquired at least hundreds of times during angiosperm evolution and probably over 1,000 times. Equally remarkably, all these transfers seem to have occurred very recently, in the last 10 Myr or so of angiosperm evolution.'' (Palmer et al. 2000: 6965) . Evidence for independent gains came mostly from phylogenetic incongruence between intron and angiosperm phylogenies, patchy distribution of the intron, and analyses of exonic coconversion tracts, similar to the arguments used in the case of Araceae (Cho and Palmer 1999) .
Considering the argument from phylogenetic incongruence between cox1 intron and angiosperm phylogenies, the current data suggest a different interpretation. The 3 pairs of angiosperm genera (Ilex/Hydrocotyle, Symplocus/Diospyros, and Maranta/Hedychium) for which data of showed strong disagreement between the intron and the angiosperm phylogeny are not recovered with the current larger taxon sample ( fig. 4) , and although the intron phylogeny contains many phylogenetically incorrect groups, it recovers an even larger number of correct clades at the species, genus, family, and even ordinal level (fig. 4) . The odd groupings found by and in the current intron phylogeny ( fig. 4) are probably due to low sequence variability of the cox1 intron leading to random groupings and to a few taxa with higher mutation rates, causing long-branch attraction.
Regarding the coconversion tracts previously seen as evidence for or against a vertical or horizontal intron history, renewed analysis leads to a different conclusion. Several of the family-level clades recovered in the cox1 intron tree ( fig. 4 ) include species that differ in their coconversion tracts (as shown in the figure) . This is the case in Araceae, Marantaceae, Acanthaceae, and Rhamnaceae. The simplest explanation of this is that in each case the intron is inherited vertically, with the exonic tracts decaying stochastically over time. Conversely, in the densely sampled order Lamiales ( fig. 4) , 6 þ T and 4 þ T coconversion tracts sort by family, and such slow exonic tract decay also predominates in the generally slowly evolving Araceae (at least in terms of their cox1 sequences), which continue to pass on an ancient exonic tract. Taxa with high mitochondrial mutation rates, on the other hand, also undergo rapid changes in their coconversion tracts, as seen in Plantago (Cho, Adams, et al. 1998 , Cho et al. 2004 our supplementary fig. S1 [Supplementary Material online] ). There is also a slight positive correlation between a clade's species sampling density and its tract type diversity (supplementary fig.  S3 , Supplementary Material online).
The only finding suggestive of horizontal cox1 intron transfer is a clade of phylogenetically unrelated taxa in the intron phylogeny that comprises many species with a 4 þ T tract type (clade C in fig. 4 ; the clade also includes a few other tract types). We compared the cox1 sequences of these taxa and found that they share 4 synapomorphic changes in loops L3 and L5 of the intron's predicted secondary structure (Vaughn et al. 1995) . These 4 substitutions, which do not seem to correlate with other changes in the intron or its coconversion tract, explain the high bootstrap support of the 4 þ T clade (3 nonhomoplastic changes will lead to a bootstrap support of 95% ; Felsenstein 1985) . The level of support for the 4 þ T clade is thus, in fact, not very high. A second observation arguing against horizontal transfer is that the subgroups inside the 4 þ T clade are monophyletic at the family level (Rhamnaceae, Plantaginaceae, and Gesneriaceae) or even the ordinal level (Lamiales). Vertical inheritance of the 4 þ T tract type, coupled with insufficient phylogenetic signal in the cox1 intron to recover relationships at hierarchical levels above the order, thus remain the simplest explanation for all groupings in figure 4 .
Together, these results suggest that differences in cox1 coconversion tracts do not necessarily imply independent horizontal gene transfer and that phylogenetic evidence fits with a vertical history of the intron in angiosperms or at least fails to contradict it with statistical support. A largely vertical history also fits with the similar length of the intron across all angiosperms, its position at the same site in the cox1 gene, and its generally high nucleotide similarity. Had there been thousands of horizontal transfers of the intron (perhaps over the past 10 Myr; Palmer et al. 2000) , the intron phylogeny would hardly recover as many natural groups as it does nor would one expect all angiosperm introns to be essentially equally distant from the closest fungal cox1 intron (supplementary fig. S2 , Supplementary Material online). The ''high frequency angiosperm-toangiosperm horizontal transfer'' hypothesis for the cox1 gene (Richardson and Palmer 2007 ) also faces the difficulty of the still unknown transferring agent, although this is not a strong argument against lateral transfer.
Possible Mechanisms of cox1 Intron Loss
One of the reasons why preferred a hypothesis of multiple intron gains over multiple losses was that each plant cell contains thousands of mitochondrial genomes. Mitochondrial genes that have lost an intron should therefore suffer an onslaught of homing introns coming from other genomes in the same cell as long as the introns' homing endonucleases are intact. However, so far no experimental data show that the ORF-encoded protein in angiosperms cox1 introns functions as an endonuclease. Conceivably, the angiosperm cox1 intron ORF long ago lost its endonuclease function and now acts only as maturase for the splicing process (Delahodde et al. 1989; Wenzlau et al. 1989; Haugen et al. 2005) . If this were the case, intron reinsertion by homing would not longer be possible.
Molecular mechanisms for intron loss are either recombination between an intron þ and intron À gene or recombination between the genomic copy of an intron þ gene and a reverse transcribed copy of spliced mRNAs (Dujon 274 Cusimano et al. 1989; Roy and Gilbert 2005; Roy and Penny 2007) ; another mechanism is genomic deletion as in the intron presenceabsence polymorphism in Drosophila (Llopart et al. 2002) . The cox1 intron is always gained or lost in one step because it is self-splicing and can only function if the entire intron is inserted. For the angiosperms, we assume that the intron is lost by gene conversion (i.e., by 1 of the above 2 recombination mechanisms). That most intron À angiosperms having the 0 tract type (fig. 1A, top panel) , while most intron þ angiosperms the 6 þ T tract type ( fig. 1A, bottom panel) , suggests that one reflects an event during intron insertion, the other an event correlated with intron loss. (It is also possible that the original intron donor and the first angiosperm recipient had identical cox1 tracts, and there was no coconversion. The 6 þ T tract would then simply be an ancestral angiosperm cox1 sequence and the 0 type would be the footprint of intron loss.) In the long run, selection on the host should favor intron loss. Based on the just discussed biased distribution of tract types, we suggest that the cox1 coconversion tract is usually lost during the intron excision process. A stage in the angiosperm life cycle at which such loss might logically occur is during megaspore or zygote formation when the number of mitochondria is reduced and changes in the mitochondrial genome may therefore spread more easily. (Only maternal mitochondria closest to the egg cell become part of the zygote.)
Fungi as Donors of the cox1 Intron in Angiosperms
Regarding the possible donor of the angiosperm and/ or Araceae cox1 intron, the current hypothesis is that it came from a fungus (Vaughn et al. 1995; Adams et al. 1998; Seif et al. 2005 ). This idea is based on 2 observations. First, the cox1 intron is the only group I intron in vascular plant mitochondrial DNAs, whereas in fungi, group I introns in the cox1 gene are common. Second, most angiosperms have symbiotic interactions with fungi, providing a conceivable way of intron transfer from a fungus to an angiosperm. A recent study that analyzed fungi group I introns with ORFs, including 8 in the cox1 gene, found a cox1 intron in R. oryzae (cox1-i1-ORF 305) that was similar to the cox1 intron of angiosperms (Seif et al. 2005) , leading to the suggestion that the angiosperm cox1 intron ''originated in a zygomycete close to Rhizopus.'' Renewed Blast searching of angiosperm cox1 introns (28 August 2007) still yields the widespread mold R. oryzae and the Oyster mushroom P. ostreatus as the closest relatives outside of angiosperms (supplementary fig. S2, Supplementary Material online) . However, sampling in the fungi is extremely sparse and sequence homology low.
Regardless of how many times and from which fungus the cox1 intron entered the angiosperms, such entry was hardly a straightforward process because of differences in the genetic code used by fungi and angiosperms (Fox 1987) . For intron homing to function, the encoded endonuclease must be translated and differences in codes may cause difficulties in translation. Further difficulties are the existence of C . U RNA editing in plant but not fungal mitochondria (Gray 1996) and differences in promoter sequences recognized by the fungal and plant mitochondrial transcriptional apparatus (Tracy and Stern 1995) . Nevertheless, there is indirect evidence that angiosperm-to-fungus intron transfer can occur (Nishida and Sugiyama 1995) . The cox1 introns of other spermatophytes, for example, Marchantia polymorpha (Ohta et al. 1993) , are more distant from angiosperm cox1 introns than are fungal cox1 introns.
Conclusion
For Araceae, the fit between the cox1 intron and the Araceae phylogeny and the highly conserved coconversion tracts together suggest vertical intron inheritance over 110 Myr, with several independent losses within Araceae. Current data for all angiosperms likewise point to a history dominated by vertical intron inheritance followed by repeated intron loss. The alternative hypothesis of numerous horizontal acquisitions has difficulties explaining the observed congruence between the intron and the angiosperm phylogeny as well as the evidence from the 20 coconversion tract types found across angiosperms. Coconversion tracts can no longer be regarded as static footprints. Instead their analysis in a phylogenetic framework provides evidence of their gradual decay and loss, most likely at the excision stage and by reverse transcription-mRNA-mediated coconversion. The hypothesis that fungi are the source of the angiosperm cox1 intron fits with current data, but sampling in fungi is still extremely sparse, and specific donor lineages can therefore not yet be named.
